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We  provide  evidence  that  the  Tm  -induced  defects  in  Tm-doped  Ah-Ga^N  hosts  play  a  major  role  in  the 
nonradiative  transfer  of  the  excitation  energy  from  the  '/6  state  to  the  lD2  state  of  Tm3+  ions  from  which  the 
most  efficient  photoluminescence  (PL)  transition  (465  nm)  occurs.  Once  the  concentration  of  the  Tm3+-induced 
defects  decreases  with  increasing  x,  the  PL  transitions  starting  from  the  */6  state  (298,  357,  395,  530,  and  785 
nm)  may  be  significantly  enhanced.  It  is  shown  that  the  indirect  excitation  of  the  /6  state  results  from  the 
Auger-type  energy  transfer  due  to  the  nonradiative  band-to-band  recombinations  in  the  AlxGa|_xN  host  of  a 
given  x.  In  contrast,  the  PL  transitions  starting  from  the  'G4  level  (479  and  807  nm)  can  be  excited  through 
either  an  indirect  or  a  direct  regime.  In  both  cases  the  1 G4  level  is  populated  by  the  radiative  relaxation  of  the 
higher  energy  excited  states  */6,  3P0>  ’  P  i ,  and  3  77  °f  Tm3+  ions. 
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Rare-earth  (RE)  ions  implanted  into  semiconductors 
present  an  interesting  possibility  for  the  integrated  light- 
emitting  devices  in  the  ultraviolet  (UV)  range.1"3  Despite  the 
numerous  known  applications  of  RE-doped  III-V  semicon¬ 
ductors  for  linear  and  nonlinear  optics  and  laser  physics,  the 
detailed  picture  of  the  energy  transfer  from  the  semiconduc¬ 
tor  host  to  RE  ions  has  remained  unclear.  Up  to  now  it  is 
known  that  the  carriers  excited  in  the  AlvGa|_fN  materials 
dramatically  increase  the  effective  excitation  cross  section  of 
RE  ions  resulting  in  the  excitation  of  their  intra-4/  electron 
transitions  followed  by  efficient  light  emission.1-3  As  a 
mechanism  of  RE-related  photoluminescence  (PL)  excitation 
the  Auger-type  process  has  been  proposed,  which  involves 
the  nonradiative  energy  transfer  to  RE  ions  released  from  the 
band-to-band  recombinations  in  the  AI^Ga^N  host.1 

However,  the  Auger-type  model  has  to  be  clarified  in 
more  detail  especially  with  reference  to  the  recent  local  den¬ 
sity  functional  calculation  of  RE  dopants  in  GaN  and  AIN, 
which  point  to  the  RE-induced  defects  in  the  vicinity  of  RE 
ions.4-6  In  the  current  Brief  Report  we  present  the  results  of 
the  study  of  PL  and  photoluminescence  excitation  (PLE)  on 
the  Tm-doped  AlxGai_xN  materials  of  different  A1  content 
(x).  We  show  that  the  PLE  spectra  vary  significantly  with  x 
as  a  consequence  of  the  variation  in  the  band-gap  energy  of 
Ak-Ga^N  materials.  As  a  result,  both  the  direct  and  indirect 
regimes  of  the  excitation  of  Tm3+-related  PL  from  the  Tm- 
doped  AlxGai_xN  materials  have  been  experimentally  ob¬ 
served.  The  direct  excitation  of  Tm3+  ions  occurs  mainly  for 
PL  transitions  starting  from  the  1 C4  level,  which  is  populated 
due  to  the  radiative  relaxation  of  the  higher  energy  excited 
states  lI6,  3P0,  3/J|,  and  77  if  they  do  not  overlap  with  the 
conduction-band  states  of  the  AlxGaj_xN  materials  of  a  given 
x.  The  indirect  mechanism  can  be  realized  through  the  exci¬ 
tation  of  free  carriers  in  the  AkGa^N  hosts  followed  by  the 
Auger-type  nonradiative  energy  transfer  to  Tm3+  ions.  We 
found  that  the  Tm3+-induced  defect  plays  a  major  role  in  the 
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nonradiative  transfer  of  the  excitation  energy  from  the  lI6 
state  to  the  lD2  state  of  Tm3+  from  which  the  most  efficient 
PL  transition  occurs  (465  nm).  Also  we  stated  that  the 
Tm3+-induced  defects  are  predominantly  formed  in  the 
A I  rGa  |  _aN  materials  of  a  small  x.  The  energy  transfer  to  1/)2 
state  hence  decreases  with  increasing  x  leading  to  transitions 
from  the  lI6  state  to  be  enhanced  and  giving  rise  to  intense 
UV  PL  peaked  at  298  nm. 

Tm-doped  AlxGai_xN  materials  of  x=0.39,  0.62,  0.81, 
and  1.0  used  in  the  current  study  were  grown  by  solid-source 
molecular-beam  epitaxy  on  p-type  Si  (111)  substrates.  The 
peculiarities  of  the  growth  procedure  have  been  previously 
discussed.7  The  tunable  light  source  for  PLE  spectroscopy 
was  a  xenon  arc  lamp  dispersed  through  an  Acton  150  mm 
monochromator.  The  PL  was  analyzed  by  a  0.75  m  focal 
length  Spex  single  grating  monochromator  and  detected  by  a 
thermoelectrically  cooled  photomultiplier  tube  (Hamamatsu 
R928).  Standard  lock-in  technique  was  used  for  collecting 
both  PL  and  PLE  signals.  All  PL  and  PLE  spectra  were  cor¬ 
rected  for  the  spectral  sensitivity  of  the  apparatus  and 
changes  in  the  excitation  power  of  a  xenon  arc  lamp  with 
wavelength,  respectively.  An  optical  parametric  amplifier 
(OPA)  pumped  by  a  1  kHz  regenerative  amplifier  seeded  by 
an  80  MHz  Ti:Sa  oscillator  operating  at  790  nm  in  combina¬ 
tion  with  the  Topas  light  conversion  system  has  been  used  as 
a  pulsed  source  for  time-integrated  and  time-resolved  PL 
measurements.  In  our  experiments  the  238  nm  (5.21  eV) 
light  of  an  average  intensity  of  20  mW  and  pulse  width 
~200  fs  has  been  used  to  excite  PL.  The  PL  response  has 
been  monitored  either  by  a  charge-coupled  device  camera  or 
by  a  streak  camera  through  the  fiber  optics  and  monochro¬ 
mators.  The  streak  camera  temporal  resolution  edge  was  30 
ps. 

Ligure  1  shows  the  PL  spectra  for  Tm-doped  AltGa|_vN 
materials  of  different  x  measured  at  85  K.  The  spectra  reveal 
several  sharp  features,  which  have  normally  been  observed 
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Wavelength  (nm) 

FIG.  1.  PL  spectra  for  AlrGa1_rN-Tm3+  of  different  x  measured 
with  238  nm  (5.21  eV)  excitation  at  85  K.  The  PL  peaks  assigned  to 
transitions  between  the  corresponding  multiplet  manifolds  are  indi¬ 
cated  by  arrows  and  labeled  by  caps  in  accordance  with  transitions 
shown  in  Fig.  2.  2\exc  and  3A.exc  denote  the  second  and  third  orders 
of  the  grating  scattering  of  the  excitation  laser  light,  respectively. 

in  a  variety  of  wide  band-gap  Tm-doped  materials  and  attrib¬ 
uted  to  intra-4 /  electron  transitions  in  Tm3+  ions  (Fig.  I).2,8 
Also,  because  of  the  crystal-field  splitting  effect,  each  of  the 
peaks  shows  an  additional  fine  structure.8  The  Tm3+  ion  en¬ 
ergy  diagram  for  the  AltGai_A.N-Tm3+  materials  of  different 
x  and  transitions  between  multiplet  manifolds  normally  ob¬ 
served  is  shown  in  Fig.  2.  Correspondingly,  the  dominating 
blue  emission  at  around  465  nm  is  attributed  to  the  XD2 
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FIG.  2.  (Color  online)  Tm3+  energy  diagram  for 
AltGa[_rN-Tm3+  and  the  corresponding  transitions  between  multi¬ 
plet  manifolds  (shown  on  the  right)  which  were  observed  in  PL 
spectra  (the  caps  below  mark  transitions  shown  in  Fig.  1).  The 
conduction-band  states  for  the  AltGai_vN  materials  of  different  x 
are  shown  in  red.  The  photon  energy  of  the  excitation  laser  light 
used  is  indicated  by  an  arrow  on  the  left. 


— >3F4  electron  transition  in  Tm3+  ion.  Less  intense  peaks 
have  been  assigned  to  transitions  starting  from  the  3F1,  3P2, 
'/6,  1 1)2,  1 6’ 4,  and  3F3  multiplet  manifolds  (Fig.  2). 2,8  The 
excitation  energy  used  (5.21  eV)  is  that  best  suited  to  excite 
the  free  carriers  in  all  the  AljGa^.N  materials  of  ,r=0.39, 
0.62,  and  0.81,  except  that  of  x=  1.0  (Fig.  2).  The  excitation 
of  Tm3+  ions  hence  is  indirect  for  the  AltGa1_tN-Tm3+  ma¬ 
terials  of  x=0.39,  0.62,  and  0.81,  while  for  that  of  x=  1  the 
direct  excitation  of  Tm3+  ions  through  their  higher  energy 
excited  states  can  exclusively  be  realized.  The  most  intense 
PL  is  observed  for  the  AltGa1_vN-Tm3+  materials  of  x 
=  0.81  for  which  the  photon  energy  is  slightly  in  excess  of  the 
band-gap  energy  (Figs.  1  and  2).  Alternatively,  for  the 
AlvGa1_vN-Tm3+  materials  of  x=0.39  and  0.62  the  PL  inten¬ 
sity  slightly  decreases  as  a  consequence  of  the  less  efficient 
energy  transfer  to  Tm3+  ions  governed  by  energetic  (hot) 
carriers.  We  associate  this  peculiarity  with  a  decrease  in  the 
trapping  rate  for  hot  carriers.  If  the  5.21  eV  excitation  is 
applied  to  the  AlvGa1_vN-Tm3+  materials  of  x=1.0,  the  PL 
intensity  is  reduced  because  of  the  direct  excitation  regime. 

Additionally  to  the  sharp  features  discussed,  a  broad  PL 
band  peaked  at  around  300  nm  is  also  observed  for  the 
AlvGai_vN  host  of  x=0.39,  which  can  be  associated  with  the 
band-to-band  PL  from  the  Al^Ga^N  host  (Fig.  1).  The 
band-to-band  PL  from  the  Alj-Ga^N  materials  of  larger  x  is 
believed  to  occur  beyond  the  spectral  range  accessible.  The 
existence  of  the  band-to-band  PL  is  a  strong  support  for  the 
Auger-type  mechanism  of  indirect  PL  excitation  in  Tm- 
doped  Alj.Ga^N  to  be  applied.  The  energy  of  the  band-to- 
band  recombinations  in  the  AlvGa|_vN  host  hence  can  be 
transferred  nonradiatively  to  one  of  the  higher  energy  excited 
states  3P0,  3P1,  3/j2,  and  */6  in  Tm3+  ions  depending  on  the 
band-gap  energy  of  the  AlvGa|_vN  host  of  a  given  x. 

The  lifetime  of  Tm3+-related  light  emitters  has  been  mea¬ 
sured  for  most  intense  peaks  in  the  time-resolved  mode.  The 
decay  of  PL  reveals  a  single  exponential  behavior.  The  cor¬ 
responding  decay-time  constants  measured  at  85  K  for  dif¬ 
ferent  PL  peaks  mentioned  are  the  following:  1.5  (A),  1.5 
(B),  1.7  (C),  1.5  (D),  1.1  (E),  and  14.7  /rs  (F).  The  band-to- 
band  PL  is  characterized  by  a  short-time  decay,  which  is 
shorter  than  the  temporal  resolution  edge  of  the  streak  cam¬ 
era  used  (30  ps).  This  is  consistent  with  the  time-resolved 
measurements  of  the  AlrGa|_tN  materials.9  The  Tm3+- 
related  PL  decays  slowly,  which  is  in  agreement  with  that 
observed  previously.2  The  decay-time  constants  obtained  are 
unaffected  by  A1  content  in  the  AlxGai_xN  materials.  This 
suggests  that  the  temporal  dynamics  is  completely  deter¬ 
mined  by  the  final  stage  of  the  energy  relaxation  (radiative) 
and  all  the  processes  of  energy  transfer  between  the  hosts 
and  Tm3+  ions  occur  in  the  time  frame  which  is  much  shorter 
than  the  lifetime  of  light  emitters. 

The  position  of  most  intense  PL  peaks  marked  in  Fig.  1 
has  been  used  as  a  registration  wavelength  (\reg)  to  measure 
the  corresponding  PLE  spectra.  As  we  might  expect,  the  PL 
from  Tm3+  ions  is  mostly  excited  indirectly  through  the  ex¬ 
citation  of  free  carriers  in  the  AI^Ga^N  hosts.  This  is  ex¬ 
emplified  in  Fig.  3  for  the  AlxGai_xN  host  of  a  =  0.8  1 .  As  a 
result,  the  PL  intensity  for  the  majority  of  peaks  rises  up  by 
following  the  fundamental  absorption  edge  of  the  AlvGa,_vN 
material.  There  is  only  one  exception  from  the  mentioned 
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FIG.  3.  (Color  online)  PLE  spectra  at  85  K  for  Al,Ga1_rN-Tm3+ 
of  x=0.81.  Spectra  measured  at  different  \reg  are  shown  by  the 
corresponding  colors/grayscale.  The  higher  energy  excited  states  of 
Tm3+  are  indicated  by  arrows. 

general  rule,  which  deals  with  the  peak  at  around  479  nm 
assigned  to  the  *G4— >  3//6  transition.  In  the  latter  case  the  PL 
can  be  excited  either  indirectly  through  the  excitation  of  free 
carriers  in  the  Al  tGa|_xN  host  or  directly  through  the  excita¬ 
tion  of  the  higher  energy  excited  states  of  Tm3+  ions  (shown 
by  arrows  in  Fig.  3).  One  can  see  that  even  if  the  direct 
excitation  regime  can  be  realized  for  other  PL  peaks,  its  ef¬ 
ficiency  is  at  least  tenfold  less  than  that  for  the  479  nm  peak. 
The  mentioned  peculiarity  of  the  PL  peak  at  around  479  nm 
is  also  appeared  for  the  AltGai_tN  hosts  with  x=0.39,  0.62, 
and  1.0  indicating  that  the  principally  different  pathway  of 
the  excitation  energy  relaxation  appeared  through  the  479  nm 
PL  peak  as  compared  to  the  rest  of  the  peaks.  To  analyze  that 
we  select  PLE  spectra  measured  only  within  two  PL  features 
peaked  at  around  465  ('LL— >3,F4  transition)  and  479  nm 
('G4— >3//6  transition)  (Fig.  4).  The  PLE  spectra  measured 
with  \reg=465  nm  reveal  the  pronounced  shift  of  the  absorp¬ 
tion  edge  position  for  the  Al^Ga^N  materials  toward  the 
higher  energy  range  as  x  increases  from  x=0.39  to  x=1.0. 
There  is  nothing  surprising  that  the  fundamental  absorption 
edge  slightly  shifts  (—35  meV)  toward  the  higher  energy 
range  for  all  the  materials  studied  with  decreasing  tempera¬ 
ture  from  300  to  85  K.  This  is  consistent  with  Varshni’s 
equation.10 

The  band-gap  energies  estimated  from  PLE  spectra  taken 
at  85  K  are  4.07  (*=0.39),  4.36  (jc=0.62),  4.85  (x=0.81), 
and  5.82  eV  (x=  1 .0).  The  latter  value  is  slightly  less  than 
that  known  for  AIN  (6.12  eV)  (Ref.  5)  because  of  the  limit  of 
the  setup  sensitivity  in  the  UV  range.  Also,  one  can  see  a 
very  weak  contribution  peaked  at  around  3.35  eV  which  is 
due  to  the  direct  excitation  through  the  3ff6— »  lD2  transition. 
Because  the  PLE  spectra  measured  with  Xreg=479  nm  con¬ 
sist  of  two  contributions  (direct  and  indirect  excitations) 
while  the  PLE  spectra  measured  with  \rea=465  nm  mainly 
show  an  indirect  excitation  regime,  one  can  analyze  the  dif¬ 
ference  between  the  PLE  spectra  measured  with  \reg 
=479  nm  and  \rea=465  nm  in  order  to  get  only  directly 
excited  part  of  PL  from  Tm3+  ions  [Fig.  4(b)]. 

The  resulting  PLE  spectra  in  general  show  three  contribu- 


FIG.  4.  (Color  online)  (a)  PLE  spectra  at  300  (solid  lines)  and 
85  K  (dot  lines)  measured  with  \rea=465  nm  for  AlvGai_vN-Tm3+ 
of  different  x  indicated  by  the  corresponding  colors  (the  corre¬ 
sponding  curves  shift  toward  the  higher  energy  range  with  increas¬ 
ing  x).  (b)  Difference  of  PLE  spectra  measured  with  Xrea  =  479  and 
465  nm  at  the  same  temperatures  [colors/different  grayscale  corre¬ 
spond  to  those  shown  in  (a)].  Tm3+  excited  states  and  Tm3+-VQ~ 
complex  state  are  indicated  by  arrows.  The  part  of  the  PLE  spectra 
for  AltGa1_rN-Tm3+  of  x=0.39  is  also  shown  on  the  tenfold  en¬ 
larged  scale.  The  negative  feature  that  appeared  at  around  3.35  eV 
in  (b)  is  a  result  of  the  subtraction  of  the  PL  intensity  excited 
through  the  3H6  — *  lD2  transition  appeared  in  (a).  Gaussian  profiles 
of  3//6— >  */6,  (3//6— >3P0).  and  3H(s—*3P2  transitions  are 

exemplified  in  the  PLE  spectrum  for  AlA.Ga1_rN-Tm3+  with  x 
=  0.81  by  thin  black  lines. 

tions  which  cover  the  spectral  range  originated  from  the  tran¬ 
sitions  ;//6-' 1  /fi,  '/!(,-  !P|,  and  3//6  — > 3/J2  in 

Tm3+  ions  (Fig.  2).  Specifically,  the  spectra  extend  toward 
the  higher  energy  range  with  increasing  x  because  of  the  rise 
in  the  band-gap  energy  and  so  the  more  that  energetic  tran¬ 
sitions  in  Tm3+  ions  contribute  to  the  PLE  spectra  with  in¬ 
creasing  x  since  they  do  not  overlap  with  the  conduction- 
band  states  of  the  AlxGa[_AN  materials  of  a  given  x  (Figs.  2 
and  4).  Correspondingly,  the  AlrGa|_tN  host  of  x=0.81  re¬ 
veals  all  three  contributions  mentioned  which  can  be  fitted 
by  Gaussian  profiles  [Fig.  4(b)].  However,  there  is  some  ex¬ 
citation  of  PL  below  the  mentioned  spectral  range,  which 
fills  up  the  energy  gap  between  the  '/6  and  /L  levels  (the 
energy  range  of  3.35-4.1  eV).  This  is  manly  observed  for  the 
AlvGa!_vN  hosts  with  x=0.39  and  0.62  [Fig.  4(b)].  It  should 
be  particularly  emphasized  that  the  range  under  discussion 
lies  below  the  absorption  edges  for  any  AlrGa|_rN  materials 
studied  (Fig.  2).  This  suggests  that  there  exists  an  additional 
absorption  band,  which  is  energetically  positioned  between 
the  '/6  and  lD2  levels  of  Tm3+  ions.  We  associate  this  ab¬ 
sorption  band  with  Tm3+-induced  defects.  The  position  of  the 
band,  which  is  peaked  at  around  of  3.8  eV,  is  consistent  with 
the  energy  required  for  capture  of  an  electron  excited  from 
the  valence  band  by  the  neutral  Tm3+-VQ“  complex,  where 
Vq“  is  a  nitrogen  vacancy.5  The  mentioned  absorption  band  is 
expected  to  be  a  key  circumstance  for  the  excitation  energy 
relaxation  between  the  '/6  and  lD2  levels.  The  energetic  dis- 
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tance  between  these  levels  is  larger  than  750  meV,  which  can 
only  be  bridged  in  the  nonradiative  energy  relaxation  process 
by  more  than  seven  longitudinal  optical  (LO)  phonons  in  the 
A]xGai_xN  hosts,  a  process  which  is  rather  unlikely.11  The 
existence  of  the  defect-related  states  removes  this  restriction, 
giving  rise  to  intense  PL  associated  with  transitions  starting 
from  the  lD2  level.  We  extend  hence  the  defect-mediated 
energy  transfer  mechanism  to  the  Tm-doped  ALjGaj^N  ma¬ 
terials,  which  has  earlier  been  discussed  for  InP:  Yb  and  Si:Er 
systems.1213  Since  the  mentioned  nonradiative  transfer  of  the 
excitation  energy  is  highly  efficient  and  since  the  '/6  state  in 
Tm3+  ions  is  excited  through  the  Auger-type  process,  the 
PLE  spectra  for  PL  transitions  starting  from  the  '/6  and  l)2 
levels  follow  the  fundamental  absorption  edge  of  the 
Alj.Ga^N  materials  of  a  given  x.  As  this  takes  place,  further 
nonradiative  energy  relaxation  from  the  lD2  level  to  the  1 G4 
level  is  less  probable  since  it  can  only  be  realized  through  the 
multiplied  LO-phonon  emission  mentioned  above. 

The  existence  of  the  additional  absorption  band  associated 
with  Tm3+-induced  defects  is  also  supported  by  the  tempera¬ 
ture  dependence  of  the  PLE  spectra  (Fig.  4).  As  we  men¬ 
tioned  above,  the  part  of  the  PLE  spectra  originated  from  the 
band-to-band  transitions  [Fig.  4(a)]  just  slightly  blueshifts 
with  decreasing  temperature  from  300  to  85  K.  The  part  of 
the  PLE  spectra  related  to  the  Tm3+  ion  higher  energy  ex¬ 
cited  states  [Fig.  4(b)]  remains  almost  unchanged  with  de¬ 
creasing  temperature.  Alternatively,  the  temperature  effect  on 
the  additional  absorption  band  associated  with  Tm3+-induced 
defects  is  unusually  big.  The  blueshift  observed  for 
AlxGai_xN  hosts  with  x=0.39  and  0.62  is  estimated  to  be 
—  120  meV.  Such  a  dynamics  of  PLE  spectra  with  tempera¬ 
ture  requires  additional  theoretical  consideration  and  will  be 
discussed  elsewhere.  Another  very  important  finding  is  that 
the  Tm3+-induced  defects  are  predominantly  formed  in  the 
AI,Ga|_tN  materials  of  a  small  x.  As  a  result,  the  nonradia¬ 
tive  energy  transfer  from  the  /6  state  to  the  lD2  state  of 
Tm3+  decreases  with  increasing  x,  leading  to  transitions  from 
the  lI6  state  to  be  enhanced  and  giving  rise  to  intense  PL 
peaked  at  298,  357,  396,  530,  and  785  nm. 

Now  we  turn  to  the  directly  excited  PL  which  appears 
mainly  through  the  479  nm  PL  peak.  Here  we  state  that  the 
energy  of  excitation  from  the  lI6,  3/J0,  3P1,  and  3  P2  excited 
states  can  be  transferred  to  the  1 G4  level  radiatively  by  emit¬ 
ting  785  (1/6(3P0)^  ^4  transition),  688  (3P\  — > ’G4  transi¬ 


tion),  and  550  nm  light  (3P2^> 1 G4  transition)  (Fig.  2).  Thus, 
the  energy  of  the  lI6  (3P0),  3P i,  and  3  P2  excited  states  ini¬ 
tially  transfers  to  the  !G4  level  radiatively  and  then  effec¬ 
tively  relaxes  to  the  3//f)  and  7/5  levels  also  by  the  radiative 
transitions.  The  resulting  479  and  807  nm  PL  peaks  hence 
get  stronger  with  increasing  x  as  compared  to  the  465  nm 
peak  because  the  efficiency  of  the  energy  relaxation  pathway 
through  the  'Z>2  state  decreases  as  we  mentioned  above.  This 
is  also  a  reason  why  the  PLE  spectra  measured  with  \reg 
=  479  nm  transition)  reveal  the  highly  efficient 

direct  excitation  of  Tm3+  ions  in  AlvGa]_tN  hosts.  Here  we 
note  again  that  the  nonradiative  relaxation  of  the  higher  en¬ 
ergy  excited  3Pl  and  3 /A  states  to  the  lI6  state  is  less  prob¬ 
able  since  it  requires  the  multiplied  LO-phonon  emission 
process  to  be  realized. 1 1  Also,  one  can  see  that  the  radiative 
relaxation  through  the  lI6(3P0)  — >  *G4  transition  decreases 
with  increasing  x  [Fig.  4(b)].  This  is  consistent  with  the  fact 
mentioned  above  that  other  radiative  transitions  from  the  '/6 
state  are  enhanced  by  increasing  x. 

In  summary,  we  have  provided  evidence  that  the 
Tm3+-induced  defects  in  Tm-doped  AI,Ga]_AN  hosts  play  a 
major  role  in  the  nonradiative  transfer  of  the  excitation  en¬ 
ergy  to  the  Tm3+  state  from  which  the  most  efficient  PL 
transition  occurs.  The  direct  and  indirect  excitation  regimes 
of  PL  from  Tm-doped  AlrGa|_rN  materials  of  different  A1 
content  have  been  recognized.  The  indirect  excitation  occurs 
through  the  Auger-type  nonradiative  process  at  which  the 
higher  energy  excited  states  '/6,  3P0,  3Pl,  and  3  P2  of  Tm3+ 
ions  may  be  excited  depending  on  the  band-gap  energy  of  the 
AlvGa!_vN  hosts  of  a  given  x.  Further  nonradiative  energy 
relaxation  from  the  '/6  state  to  the  lD2  state  involves  the 
Tm3+-induced  defects.  Finally,  the  most  intense  PL  transi¬ 
tions  from  the  ]D2  state  occur  (465  nm).  The  direct  excita¬ 
tion  regime  is  shown  to  be  efficient  enough  only  for  PL 
transitions  starting  from  the  1 G4  level  (479  and  807  nm), 
which  is  populated  by  the  radiative  relaxation  of  the  higher 
energy  excited  states  '/6,  3P0,  3 P\,  and  3 P2  of  Tm3+  ions  if 
they  do  not  overlap  with  the  conduction-band  states  of  the 
AlAGa|_AN  host  of  a  given  x. 
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